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A METHOD OF MEASURING RAINFALL ON WINDY SLOPES 
By G .  L. HATES, Associate. Forester 1 

[Appalachian Forest and Range E.rperi1ncnt Station. Ashwille, North Carulina] 

HE object of precipitation measiirenieiit, as stated T by Brooks (l), is to obtain “ a  fair sample of the fall 
reaching the earth’s surface over the area represented by 
the measurement.” The areti referred to is horizontal, 
or map area. Even wlieii measured on a slope, precipita- 
tion is ttlwtiys expressed as cleptli of water on a horizontal 

On wind-swept areas, whether flat or sloping, many 
factors hinder the accurate measurement of precipita- 
tion. Koschmiecler ( 5 ) ,  Brooks (2), Riesbol (6), aiid 
many others have adequately tlemonstrttted that a rain 
gage of conventional design, conventionally installed 
with the receiver two or more feet above the ground sur- 
face, will not catch from wind-borne rain ti represent a t’ IVC 
sample of the catch a t  tlie earth’s surface. This failure 
is attributed to the turbulence produced in tlir wind 
stream by the gage--an “ upwctrcl diversion rtiicl marked 
acceleration of air over the gage” (l) ,  aiid eddy currents 
within the mouth of tlie receiver, which whip away niaii 
rttindrops that would otherwise enter the gage. The catc i 
hy a gage mouth elevated above the earth’s surface is 
therefore less than the amount actually reaching the earth. 

This error is acceiituated when measiirements are 
attemptecl on mountmain slopes. There, in addition to tlie 
turbulence caused by tlie gage in the air stream, the 
horizontal receiver is esposed to the rnin-bearing winds a t  
a different angle than is tlie ~ Q U I ~ C ~  surface and therefore 
intercepts the falling rain differently. The significance 
of this factor was recognized by the Hydrologic Division 
of tlie Soil Coiiservatioii Service in a recent publicn tion 
(7) in which i t  was stated, “The esposure of the indivitlunl 
gages (on the North Appslnchian Esperirneiitnl Water- 
shed) ranged from poor to esc~llent, &ie to the steep and 
highly dissected topography of the arca and to  tlie presence 
of much woodland and niinieroiis farmsteads.” 

All of these measuring difficulties were encountered 
during tlie summers of 1935-1936 when, as part of t i  study 
of the topographic distribution of forest-fire ~ l a n g e r , ~  
rainfall was measured with conventionelly exposed p g e s  
a t  six mountainside and one valley-bottom stations 011 
the Priest River Esperimental Forest in northern Irlnlio. 

itrca. 
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1 When this report was prepared the author was Assistant Forester at the Northern 
Rocky Mountain Forest and Range Eyperirnent Station, hfissoula, Mont. 

2 A complete description of the study area and rain-gage locations is prewi,ted in the 
United States Department of .4k~iculture Circular No. 591. “Influence of altitude md 
mpect on daily variations in factors of forest-@.re danger” hy Ct.  Lloyd Hayes. This 
gives in detail the results of the major study of which the rain measurements treated in 
this paper were part. 
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Thfl precipitations rrc.ortletl rlift’eretl so iiiarkeclly ancl 
illogicdly between st,ations liaviiig cliff  erent aspect, 
eleva tion, and esposure to wind tliitt some had to be 
judged erroneoiis. As previous investigations, already 
cited, l i d  shown wind to be a coiiimoii ctjuse of gaging 
inaccur:icies, some special installations to eliminate wind 
effects mere designed in 1937. These were then operated 
nloiigsitle the conventional installations. Three season’s 
clata. revettled a mucli more logical iincl what is believed 
to be a more true relationship between the stations in 
the amounts of rain recorded. 

DESCRIPTION OF C: 4 G E S  .%ND T H E I R  INST.4LLATION 

Each special iiistnllatioii consisted of zt “slopetl-orifice” 
gage in pit exposure. Exposing gnges in pits with their 
receivers even with the groun(1 surface lint1 been sliowii 
(2, 5, 6) to be an effective means of shielding them from 
the Hccurncy-tlestroyirlg wincls. To place them in n 
pit on it slope, however, rtncl still keep tlie orifice even 
with tlie surrounding surface required either that t l i ~  
gzige be tilted from its usual vertical position, or that the 
orifice he sloped. If the gage were tilted, its catch would 
liave to he multiplied hy the secant of tlie angle which 
the orifice macle with the horizontal (1) to convert it to 
n true iiieiisure of the fall on unit horizontal tireti. 

As it was obviously desirable to avoid this mathematical 
correction, ant1 a s  W. A. R o ~ l + ~  liiicl reported that rain- 
fall, :is collected by large concrete run-off tmks  locn tetl on 
sloping ground near Pullmnn, Rrtsliington, hail been 
rrlirtbly sampled by sloped-orifice gages in above-ground 
exposure, sloped-orifice gnges were adopted. The sloping 
orifice permitted each gage tlo be plitced with the plane of 
tlie orifice parnllel to ~ n t l  contiguous with the surrouncling 
ground surftice, and yet, be kept in a vert’ical posit,ion so 
that, its catch was a direct metislire of the fnll on unit 
horizontal aren. 

The sloped-orifice gage, shown in figure 1, consists of 
n Forest, Service type gage with a sloped, galvanized, 
sheet-iron estension added to the receiver. Each receiver 
was s lopd  incliviclually to fit the incline of the stsation 
where it was to be used. The estensions were added in a 
local (Riissoula, hiont,.) metnl-working shop at a cost, of 
$1.89 each which, when acldecl to the $1.31 unit cost of t’he 

a In‘ an unpuhlishrd paper presented before the Northwest Scientific Association at 
Spokane, Wash., in December, 1930. 
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FIGURE l.-ThcZ.~M)-foot.,north-sl~~llr instellation. showine on thc I& the ForrFt Svrrice rain-gaye e1pos1~11 in the “cmvrutional” InauuPr’, and center. the rarious parts nf the 
(Photo F350663 elope-oriflre gage. The slaying orifire of thr gage fits flush with the surlwv when the gage is lrlaced in thc hole in the center of the splash-lw\-enting mat. 

hy K .  D. Swan, 17. S. Forest Prrricr.) 

Forest Service gnges, made a t o t d  cost of only $3.20 for 
ench specialized iiistrumeiit. 

To  shield the pit-exposed gages from surfnce splnsli, 
they were surrouiitlerl lip 6 by 6 foot square, splasli- 
preveiitiiig mats of ordinary excelsior covered by lialf- 
inch mesh htxrdw-nre cloth R S  sho~vn in figure 1. This mat 
design stopped rain splnsh efficiently hut, WRS iiieffectire 
for large l i d .  All storms tliat included hail were, tliere- 
fore, excluded from the analyses. Rieshol (6) fouiitl 
that under some conditions ti spray from breaking rain- 
drops might be swept’ by the wintl along the groiiiid 
surface and erroneously iiicrense the cntcli of a pit gngr, 
but i t  is believed tliat tlie herbaceous :mtl 1)riisliy grouncl 
cover around these stntions (fig. 1) wns 11 protec*tion 
against such an occurrence during this stutly. 

The L‘coiiventional’’ iristallation :it each station coii- 
sistecl of a Forest Service type rain gage exposed nlmut 
two feet above ground a s  shown a t  the left in figure 1. 
This gage is sirnilrtr in pnhtern to the Weather Burenu 
staiidard type hi t  differs from it in cnpncity and materials. 
Hayes (3), using 330 comparative iiie:isureineiits of 
rainfall with the Forest Service arid Weather Bureau 
standard type gages, and 31 1 comp:iratire niensurtrnieiitY 

with it Friez tippiiig-l)ucket type, litis clemoiistratecl the 
comparability of the Forest Service type to these coininon 
stniit1:ml designs. As tlie sloped-orifice gages were but 
modified Forest Service pilges, the two installations a t  
each station differed only in the sliape of the gage orifice, 
length of rim above the fuiiiiel, mid in the relation of the 
gage orifice to the grouiid. 

R.iIN-GAGING STATIONS 

Rniii was nieasurecl at seven different stations; one on 
the vnlley bottoni ani1 the other six on the mountain 
slopes nhore. It was a t  the hitter six stations that the 
sloped-orifice gages were used. The valley-bot toin sta- 
tion was on a flat where, nlthougli it was quite open to 
wipd niorenient , the storm winds which frequently ac- 
thonipanietl rain were not so strong as at  some of the sta- 
tions above. Only n coiirriitioiinlly esposed rain gage 
W I S  used at the valley stntioii until 1939, wheii a pit-ex- 
posed gape was atlcletl. No significant difference was 
found betweeii :I season’s catch of the two gages, indicating 
tlint accurate nie:isuremeiits coiiltl he obtained there by 
either method of exposure. 
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The six slope stations were paired at  elevations of 2,700, 
3,800, and 5,500 feet respectively; one of each pair on A 
true north and one 011 a true south slope. Tlie two stii- 
tions which comprised each pair were in no case niore than 
300 feet apart,, nor more than 50 vertical feet below tlie 
crest, of the ridge tliat separnted them. They differed 
only in that one faced north, tlie other south, nnd in tlie 
steepness of tlie slope. 

The south-slope stat8ions were siilJjcct to grettt8er win(1 
effects tlirtn the north, :is the storm winds weie pretlom- 
inantly froin a southerly direction. The average velocities 
for August 1935-38,niensiiretl 7;s feet nboue the groiintl. 
for example, were 3.9, 3.6 ,  and 4.5 in. p. 11. respectircly 
a t  2,700, 3,500, and 5,500 feet on the south slope, 1 iu t  only 
2.4,  2.0, and 3.4 ni. p. 11. nt corresponding elevations on 
tlie north slope. Wien tlie wind was strongcar tbnn 
average, ns i t  frequently .wits during ritinsk)rnis, t8hv con- 
trast het8weeii nspects w i s  much greater. Diiring oiic 
such storm on Octoher 4 ,  19.39, it nveraged ovcr :i four-hour 
period 11.1, 12.7, and 11.8 in. p. 11. respectively :it. 2,700.  

niicl 5.1 m. p. 11. on the north. 
The 3,800- arid 5.500-foot south slope gttgrs were siil)jcJct 

to the greatest wind effects. In addition to h i n ?  on 
t8he windward side of the nlolllltain, there was very little 
shrubbery or other vegetnt>ion near the gagcs thn t wis 
high enough to shelter tlicni from tlie full effecis of tlir 
wind. Tlie giiges a t  the tdiirtl south-slope stntion. :it 
'2,700 feet,, were also on the winc1w:trd sicle of tlie mountnin 
of course, put they were partly sli~lterecl from tlic wintl. 
The st8atioii there was in a 32- hy :32-foot8 clea1ing in :i 
brush pntch that untloubtedly rcdiicecl t81ie wiiitl :it rain- 
gage height, dthough it lilitl little nppnrent effect a t  
anemometer heiglit . 

The nor t 11-side s t a t ion s ( li ff eretl considerably in tl egrrc. 
of openness to wind. At 5,500 feet the gages wcrt~ fiilly 
as  exposed ns nt the 3,800 tind 5,500-foot stations on tht. 
south side, but a t  2,700 feet the north station, like the 
south, was in ti clearing in a brush patch (fig. 1) d i e r e  the 
gages were undoubtedly partly sheltered. Tlie 3,800-foot 
north station was the most sheltered of all. This station 
was in a clearing in dense green timber where, even tlmugh 
the gages were froin 100 to 3.50 feet froni the etlges of the, 
clearing, strong winds i i c ~ e r  penetrated. Even at the 

r height, of 7';  feet, a velocity of as niucli a j  
6 m.p.11. for as much as one hour wns never recorded in 
five seasons of ineasurenieiits. 

In relation to steepness of slope, aiiotlicr factor that 
affects rain-gaging accuracy, the 3,800-foot stations were 
least favorable for accurate gaging. There the ground 
sloped 28' on the south, ancl '27' on tlie north side. The 
'2,700-foot south stntion was most fnroralile with a slope 
of only 15', ancl the other three stations were npproxi- 
mately average; 21' at  2,700 north, ttntl 20' at  ench of 
the 5,500 foot st a t '  1011s. 

:3.soo, nntl 5,500 feet on the south slope, Illit, only 3.1,  3.2, 

RESULTS 

The results of the measiircments in 1935-36 by coiiven- 
tional methods, shown in tnble 1, illustrate well the tie- 
ficiencies of the conventional-type gages wlien usetl in 
conventional exposure on windy slopes. Tlie ca tch of 
the pitrtially sheltered 2,700-foot gages wis nearly tlie 
s ~ i n e  on both aspects, tlie soiith side catch being odj- 
three percent greater than the north, indicating that 
approximately equnl amounts of rain probably fell on 
each side of the ridge. At 3,800 ant1 5,500 feet, however, 
the catches of the exposed gages on tlie windy south 

I - 28,  - 

SLOPED-ORIFICE. PIT-EXPOSED 
GAGE INSTALLATIONS 27 

NORTH SLOPES .----I- I -- -- 
SOUTH SLOPES - - - - 

CONVENTIONAL TYPE OF 
GAGE INSTALLATIONS 

25 NORTH SLOPES 
SOUTH SLOPES - 

? I -  

s l o p  were far lcss t h i  tlic c~atclics on the less windy 
north slope, hcing only S3 t i n t 1  9 1 percent respectively. 
If as murh rain fell on tlir wintlmarcl south slope as on 
the leewirtl north slope at  these elevations, the gages did 
not catch :is much of it. 

Further evidence thnt the gnges on the windward side 
were deficient in catch wis furnished by the rainfall- 
nltitutle relntionships on the two sides of tlie ridge. On 
the leewnrcl north side tlie rainfall c:itcli increased pro- 
gressively with elevation in accorclance with frequently 
tlemonstratetl rainfnll-nltitutle relationships (4), but 011 tlie 
wintlw.artl south ttspect the catch, even ns high as 3,SOO 
fcct, wns at-tu:illy less than on the valley bottom 1,500 
feet below. 

I n  1937-39 the results from the convention:tl installa- 
tions continued to show these sanie serious discrepancies, 
but tlie pit-exposed, sloped-orifice gages revealecl an 
entirdy cliflerent relntionship between stat'ions. For 
contrast the results from both types of installations have 
heeii shown in figure 2. Instead of tlie large differences 
that were showii by tlie reguliir installations between 
aspects, tlie north nncl south sides were now shown by the 
special gages to receive tibout equal amounts of rain. I n  
fnct, it is sho~vn by tnble 3 t h t  tlie rainfall on the two 
aspects, as ciiuglit by the sloped-orifice gnges, did not 
differ hy :I stntisticnlly significtint amount except a t  the 
5,700-foot stations. 

Furthermore, instracl of decreasing with elevation up 
to 3,800 feet, the rninfall on south slopes wtts show-n to 
increase in the usunl nimner. These results are believed 
for two reasons to represent a high degree of ga,' "lng accu- 
racy. First, tlie design ancl exposure of t8he gages were 
based upon the sound and denionstra tecl principles that 
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Elevation (fret) 

----______________ 

2.700..  . ~ ~ . . . . . . . . ~. . . . ~. ~ . . . . ~ 

3.4MI. ~ ~ . . ~  . . ~ . . . . . . . . 
5.51JO.. ~ ~ ~ . .  ~ .... .... . ~ . ~~~~ 

011 windy slopes, rain gages should be installed with their 
receivers parallel to the slopes (l), and that pit, exposure, 
if properly protected from splash, effectively eliminates 
the wind disturbance created by a standard gage conven- 
tionally exposed (5, 2, 6). 

Second, the differences between tlie catches of the 
sloped-orifice nnd conventionally exposed gages were 
greatest where the gages were most, exposed to strong 
wincls and were the least where the gages were most 
sheltered. This is clearly evident in table 3 which shows 
that at the exposed rtnd windswept 3,800- and 5.500-foot 
south stations the sloped-orifice p g e s  caught 3.68 and 
3.87 inches, respectively, more during tlie three seasons 
t81ian did the conventional type, whereas at the very well 
sheltered 3,800-foot north station the totals differed by 
but 0.21 inch. There where the wind velocity '7f< feet 
above ground averaged but 2 m. p. h. and never esceecletl 
6 ni. p. h. for as much as 1 hour even during the most' 
violent, storms, any soundly designed gage should stimple 
rainfall accurately and there, according to tahle 3, tlir 
tw-o types of installations gave mensurenients that agreed 
so closely that no statistical significance ctin be ntt:tclietl 
to the sniall difference. At all the other stations thr 
excess of the catch of the sloped-orifice over the conveii- 
tioiial gage installation was statistically significant at the 
0.01 level of probability.' 

SUMMARY A N D  CONCLUSIONS 

The accurate measurement of rainfnll is very difficult on 
wind-swept mountain slopes. Convent ional metliotls tire 
inadequate for such situations. A high degree of accuracy 
has been oht8ained, however, with sloped-orifice gages in 
pit exposure. 

Numerous measurements of rainfall, now made by con- 
ventional methods on open, windy slopes, could be niatlr 
much more accurately by the methods herein tlescrihetl. 
On the National Forests of Montana and northern Itlnho, 
for example, over 700 coiiveritionally-esposerl rain gages 
are used as aids to forest fire control management. hlitny 
of these are located on mountain summits where tlie winds 
that accompany summer conrectiond rsinstorms fre- 
quently reach velocities of 35 to 50 miles per hour. 

TABLE 1.-Precipitation during 19.95 and 1936 aeusons 1 us i n a n s i i i c i l  
by conventionally ezposed rain gages rtl 1 valley-bottoni a w l  fi  moiin- 
tainside stations 

Situation and elevation (leet) 19.35 I 1936 Blrnn 
_- 

Total rainfall 

Northslope South slope Difference 

Iiirhrs Iiichra- Inch 

Nunihrr ______________ ___ 
of storms 

__--- 

48 21. 20 3. , 3  2 0 . 4 i  
4Y 21.58 21.86 . 10 
50 26. 73 ?7. 16 . 1 3  

Valley bottom.. . . ~. ~. ~. . ~ . . . ~  .... .. . . 
North nspect . ~ .  ~. ~. ~. ~. ~ . ~. . . ~. ~ . ~. 

South aspect -............-......... ~ ...... 

2. 3n11 
2, ;(lo 
3. N l O  
5 , m  
2 ;on 
3,800 
5,500 

3. (I1 
3. 57 
3.55 
4.64 
3 .41  
2.92 
3.88 

6. 55 
6. 14 
6. 31 
6. 93 
fi. 61 
5. Gli 
6. 59 

4. 78 
4.86 
5. 14 
5. 7R 
5 .  V I  
4.  '9 
5. 24 

1 Priest River Experimental Forcst. Lrngth of season: 1935, May 22-Oct. 7 ;  1936, 
May 2G-Oct. 2. 

4 Mraning that therc is a prohability of only one or lrss in 100 that  the diflerenre found 
was due to chance or that data for three other seasnns might show oppositc results. 

Under such conditions Koschmiecler (5) found that 
coiiventionally exposed gages may catch less than 30 per- 
cent of the actual rainfall as measured by pit gages. For 
selected storms during the present, study the conven- 
tionally installed gage a t  the windy 5,500-foot. south-slope 
station cuught tis little tis 50 percent of the catch of the 
sloped-orifice, pit-exposed gage. hlensurements under 
such conditions b37 conventional installations cannot be 
sound aids to fire-control management. 

TABLE 2.--C'ot~rparison of north- and south-aspect ruinfull u s  
xeusiirerl hy doped-orijce guges i n  p i t  axpopures at 3 elevations 1 

! P r w t  Rircr E\rierirnriital Forest for the 1Y3i-39 seas~~iis. . Htstht ~ c i l l y  .iynificsnt at the 0.05 Ievrl of prohability. 

TABLE 3.--C'onipnrison of raiufull us tnectsrtred hy sloped-orifice rain- 
gcrgfs in p i t  expostires. a n d  by convcntionnl-type rain-grcges i n  con- 
ooitional crpositres ctl 6 rriotcntainside stations 1 

. - 

1 Total rainfall 
Number ~ 

Sittiation and elexation (feet) of 

I Prie\t-Ri\er Eqwrimental Forest, for June 7 to Oct. fi, 193i, June 10 to Oct. 10, 19.W: 

2 Statistically sigmacant at  the 0.01 level of probability. 
m y  "Y I o r t .  in. I Y ~ Q  
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